Abstract: Advances in knowledge regarding the pathogenesis of psoriasis have allowed the development of a new class of agents known as biologic drugs. Data confirm that T helper (Th)17 and interleukin (IL)-17 signaling has a crucial role in the pathogenesis of the disease. High levels of IL-17 and Th17-related cytokines have been reported in psoriasis, leading to the suggestion of agents targeting IL-17 as a potential therapeutic strategy in psoriasis. Brodalumab is a human monoclonal antibody that targets IL-17 receptor A, blocking the effects of IL-17A, IL-17F, and IL-17E. Data from Phase I and Phase II clinical trials indicate that brodalumab has a favorable safety and tolerability profile, with strong clinical activity, suggesting that it is a potential tool for use in the treatment of moderate-to-severe psoriasis.
Introduction
Psoriasis is a chronic, recurrent, inflammatory cutaneous disease that affects 1%-3% of the general population. It is characterized by an abnormal cycle of epidermal development, with epidermal hyperproliferation, altered maturation of skin cells, vascular changes, and marked inflammation. Histologically, there is marked acanthosis, 
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Coimbra et al accompanied by parakeratosis and a mixed dermal infiltrate, including CD4+ T-cells, dendritic cells, macrophages, and mast cells. In the epidermis, neutrophilic exudates and CD8+ T-cells are often seen. Dermal papillary blood vessels are dilated and tortuous. 1 Psoriasis is associated with significant impairment of health-related quality of life, especially in the more severe and nonresponder forms. 2 The severity of psoriasis is graded as mild, moderate, or severe, mainly in accordance with the area of skin surface affected, the degree of scaling, and the type of infiltration. 3 Disease severity usually reflects the extent of skin involvement and is often associated with poor quality of life.
The pathogenesis of psoriasis was initially described as an abnormal proliferation of epidermal keratinocytes, resulting from epidermal keratinocyte hyperplasia, para keratosis, leukocyte infiltration, and neoangiogenesis. Later, T-cells were identified as crucial to the initiation and maintenance of psoriasis. 4 Nowadays, it is accepted that genetic, environmental, and immunologic factors are involved in the disease onset and course. Moreover, different cells are important key players at different stages, and the onset of psoriasis is similar to an immune reaction. 5 The T helper (Th)1 pathway is believed to be important in the pathogenesis of psoriasis, as suggested by the increase in cytokines of this axis, such as interferon (IFN)-γ, tumor necrosis factor (TNF)-α, interleukin (IL)-2, and IL-12, observed in plaques and in the serum of patients with psoriasis.
6-8 Levels of these cytokines have been correlated with severity of psoriasis, 6, 9 and the success of some therapies was associated with deviation of Th1 to a Th2 response. 10 Currently, psoriasis is known to be a complex disease in which the cytokine network is disturbed, and the IL-23/Th17 axis, as well as the Th1 pathway, appear to be crucial for its pathogenic mechanisms. 11, 12 T-cell cytokines induce proliferation and activation of keratinocytes, also producing several proinflammatory cytokines and chemokines that sustain and amplify the inflammatory response by recruiting, retaining, and activating immune cells in the skin. The relevance of the IL-23/Th17 axis ( Figure 1 ) was highlighted by the successful treatment of moderate-to-severe psoriasis with drugs targeting the p40 subunit of IL-12 and IL-23.
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Brodalumab in moderate-to-severe psoriasis IL-17 produced by Th17 cells has a crucial role in the inflammatory process, by stimulating production of several proinflammatory cytokines and chemokines by keratinocytes, dendritic cells, and other immune cells. Moreover, both IL-17  and Th17 cells have been found to have a role in the pathology of several other autoimmune disorders. 14,15 Therefore, the Th17 pathway is considered to be an attractive potential target for the treatment of several pathologic conditions, including psoriasis.
Th17 pathway
Th17-type T-cells produce IL-17 and are a distinct Th cell population that plays a crucial role in CD4+ T-cell-mediated adaptive immunity. Human CD4+ T-cells may differentiate into a Th1 or Th17 phenotype. The transcription factors retinoid-related orphan receptor (ROR)c and T-bet contribute to both phenotypes, and both phenotypes may produce IL-17A and IFN-γ. 16 IL-12 or IL-23 mediates the differentiation of these cells into Th1 or Th17, respectively. 16 Mediators of the Th17 immune system include IL-1, IL-6, IL-21, IL-23, and transforming growth factor (TGF)-β, which stimulate the differentiation of naïve CD4+ T-cells into activated memory Th17 cells. 17, 18 IL-1β is involved in the activation of naïve T-cells from peripheral blood, and seems to be the strongest inducer of IL-17 production. IL-6 and IL-21 further enhance IL-17 production. 19 In opposition, development of Th17 cells from naïve precursors is inhibited by IFN-γ and IL-4. IL-23, another Th17 system mediator, drives proliferation of Th17 cells. 20 In humans, the lineage-specific transcription factor RORc leads to the developmental program of Th17 cells.
In psoriasis, at least in the severe form of the disease, CD4+ regulatory T-cells also showed a capacity to differentiate into Th17 cells. 21 The differentiation of CD4+ T-cells into regulatory T-cells is stimulated by TGF-β in the absence of IL-6. However, regulatory T-cells may be induced to differentiate into IL-17-producing Th17 cells in the presence of an inflammatory stimulus.
Apart from Th17 cells, IL-17-secreting CD8+ T-cells (Tc) are also potent producers of IL-17. 22 IL-6 and TGF-β, which promote expression of the Th17 lineage-specific transcription factor ROR, are also required for induction of Tc17 cells. 23 Moreover, IL-23 supports the development of Tc17 cells, which is inhibited by IFN-γ. 24 Tγδ cells appear to be another source of IL-17, particularly the early source of IL-17 in response to infection. Natural killer T-cells are also another population of innate T lymphocytes known to produce IL-17. Tγδ and natural killer T-cells induce secretion of IL-17 through stimulation of IL-23. 25, 26 However, the activities and functions of these cells as a source of IL-17 are not entirely understood. The IL-17 family comprises IL-17A through IL-17F. IL-17A is a proinflammatory cytokine, and IL-17F seems to act in parallel with IL-17A, but is less potent. 27 Apparently, in certain circumstances, IL-17A may also be expressed by neutrophils, mast cells, and macrophages. 28 Mast cells and neutrophils discharge IL-17 during formation of specialized structures, ie, extracellular traps, by the classical degranulation pathways. 29 In opposition, IL-17E (also known as IL-25) is an anti-inflammatory cytokine, inducing a deviation to a Th2 response. 30 IL-17B, IL-17C, and IL-17D are poorly characterized. IL-23 stimulates the production of IL-17A and other Th17 cytokines associated with the Th17 pathway, namely IL-17F. 31 The IL-17 receptor family includes IL-17 receptors A-E (IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE). The IL-17 cytokines seem to bind to their receptors with different affinities, inducing production of proinflammatory cytokines and chemokines. The proinflammatory cytokines IL-17A and IL-17F, as well as the 17A/F heterodimer ligands, stimulate a receptor complex consisting of IL-17RA and IL-17RC subunits. 27, 32 The IL-17RA/IL-17RC complex induces signaling through a pathway that depends on the similar expression to FGF genes (SEF)/IL-17R containing the adaptor protein ACT1 (nuclear factor κB activator 1 [NF-κB1]).
32
Th17 and Tc17 cells produce IL-17A and IL-22, but subsets of Th17 and Tc17 cells also secret IFN-γ and TNF-α. 33, 34 Recently, another T-cell population was described, ie, Th22 cells that produce IL-22 and TNF-α. 35 Th17 cells also produce IL-21, which has a crucial role in the Th17 pathway, amplifying Th17 differentiation. 36 Associations between psoriasis and gene regions involved in the Th17 pathway have been established. In genes encoding for the IL-12B, IL-23A, and IL-23 receptor, single nucleotide polymorphisms have been identified in psoriasis. 37, 38 The genes encoding for TNF-α-induced protein 3 (TNFIP3), TNFIP3-interacting protein 1, and TNF receptor-associated factor 3 interacting protein 2 (TRAF3IP2) are associated with risk of psoriasis. 37, 38 The gene TRAF3IP2 codes for the adaptor protein ACT1 (NF-κB1), a regulator of the NF-κB pathway that is involved in IL-17 signaling. Moreover, diseases causing variants of TRAF3IP2 are associated with altered IL-17R adaptor protein interactions. 
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Coimbra et al differentiation of additional Th17 cells, thereby intensifying the response against pathogens. 40 However, regardless of its protective effects, in some autoimmune and immunoinflammatory diseases IL-17 can be deregulated, contributing to the pathogenesis and/or maintenance of these disorders. Indeed, deregulation of IL-17A favors chronic inflammation and tumor development. 41 IL-17 activates keratinocytes to produce interleukins and chemokines, such as IL-8, which provides a strong chemotactic signal for neutrophil recruitment. 42 It was reported that administration of IL-17F to mouse skin increases the expression of IL-8, 43 which is known to be elevated in psoriasis. 12 IL-17 also upregulates keratinocyte expression of other chemo kines (eg, C-X-C motif ligand [CXCL]1, CXCL3, CXCL5, CXCL5, and CXCL6), which have been associated with recruitment of neutrophils. 44 IL-17A exerts its effects in multiple cell types, namely in macrophages, dendritic cells, neutrophils, fibroblasts, endothelial cells, epithelial cells, keratinocytes, and lymphocytes, leading to production of several cytokines and chemokines. 45 Using a human monolayer model, Th17 cytokines (eg, IL-17A, IL-22, TNF-α) stimulated the upregulation of chemokine (C-C motif) ligand (CCL)20. 46 In psoriasis, IL-17A induces keratinocytes to express CCL20, recruiting Th17 cells and dendritic cells to the skin, 44 which may contribute to maintain both cells in psoriatic lesions. A study of psoriatic dermal dendritic cells cultured with allogenic CD4+ T-cells showed that these cells induced a higher number of CD4+ T-cells to produce IL-17 than normal dendritic cells. 47 Moreover, in keratinocytes, IL-17A upregulates antimicrobial peptides such as β-defensins and S100A family members, providing a stimulus for the innate immune system, 44, 46 downregulates filaggrin and other factors involved in cell adhesion, contributing to skin barrier disruption, 48 and increases expression of keratin 17, contributing to epidermal hyperproliferation. 49 IL-17A also stimulates keratinocytes to express IL-36 that, by acting synergistically with IL-17A, promotes expression of the antimicrobial peptides CXCL8, IL-6, and TNF-α. 50 IL-17A stimulates fibroblasts and dendritic cells to produce IL-6, which favors the commitment of more T-cells to the Th17 phenotype ( Figure 1 ). Dendritic cells and macrophages are stimulated to produce IL-1 and TNF-α by IL-17A. 36 In summary, IL-17 and Th17-related cytokines, such as IL-23 and IL-22, contribute to the pathologic alterations found in psoriasis (Figure 1 ). IL-17 is a critical component in the establishment and perpetuation of inflammation, inducing production of proinflammatory cytokines such as IL-6, IL-8, and prostaglandin E2, 51 and also stimulates secretion of proinflammatory cytokines by other cells, namely endothelial cells and macrophages. 36 IL-22 induces epidermal hyperplasia and hypogranulosis; it also induces proinflammatory responses, such as the production of cytokines, chemokines, and acute-phase proteins from many cell types, and regulates the differentiation and migration of keratinocytes. Production of IL-22 is directly induced by IL-23, and IL-22 can mediate IL-23-induced acanthosis and dermal inflammation. 52, 53 IL-17 also seems to promote angiogenesis. IL-17 indirectly enhances the proliferation of endothelial cells via induction of vascular endothelial growth factor and IL-8 by fibroblasts. 54 These cytokines can also induce production of chemokines and subsequently increase the recruitment of endothelial progenitor cells to support angiogenesis.
IL-17 interacts with several cytokines. In psoriatic skin, IL-17A and TNF-α act synergistically or additively on keratinocytes to upregulate several genes, many of which are expressed significantly in psoriatic skin, such as S100A7, β-defensin, IL-23, CCL20, and CXCL1. 55 IL-17A also acts together with IFN-γ to increase production of IL-6 and CXCL8, 56 and acts in synergy with other proinflammatory cytokines, such as IL-1 and IL-6.
Circulating Th17 cells are increased in psoriasis, as well as Th22 and Th1 cells, although to a lesser extent. 57 As referred, increased levels of IL-17 were found in skin lesions and in the blood of patients with psoriasis, and were correlated with disease severity; 6,58-60 moreover, the levels decreased after successful treatment, 12, 58 confirming the role of IL-17 in the pathogenesis of psoriasis.
Expression of IL-17E, IL-17B, and IL-17D does not seem to increase in psoriatic skin lesions, while expression of IL-17A, IL-17C, and IL-17F increases. 61 Apparently, IL-17E, IL-17B, and IL-17D do not have a significant role in the development of psoriasis. However, IL-17A in particular has been demonstrated to have a key role in the chronic inflammatory process of several immune-mediated diseases, including psoriasis. Therefore, blocking IL-17A appears to be a sustainable approach for the treatment of such pathologies.
Blocking IL-17 signaling
The activity of IL-17 and the effect of its inhibition have been evaluated in animal models of psoriasis. Induction Core Evidence 2014:9 submit your manuscript | www.dovepress.com
Dovepress
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Brodalumab in moderate-to-severe psoriasis of inflammation with TPA (12-O-tetradecanoylphorbol-13-acetate) seems to lead to a Th17-like response in transgenic keratin 14/vascular endothelial growth factor mice, a potential animal model for psoriasis, and an increase in the ear tissue of TNF-α, IL-1β, IL-6, IL-12/23p40, IL-12p70, IL-22, and IL-17 levels was reported. 62 Imiquimod-induced psoriasis-like skin inflammation was almost blocked in mice deficient in IL-17RA and IL-23. 63 In K5.hTGF-β1 transgenic mice, presenting a skin phenotype and cytokine alterations analogous to those found in psoriasis, administration of anti-IL-17A blocked progression of disease. 64 K5.Stat3C mice treated with TPA developed psoriasis-like skin lesions, and treatment with anti-IL-17A reduced epidermal hyperplasia. 65 In mice, administration of IL-23 induced epidermal hyperplasia mediated by IL-17 and IL-22. In mice deficient in these cytokines or in IL-17RA, epidermal hyperplasia is minor, while antibodies against these cytokines completely inhibit IL-23-induced hyperplasia. 66, 67 Inhibition of IL-23, acting upstream from IL-17, has been also studied, both in animals and in clinical studies. Mice deficient in IL-23 showed defects in terminal differentiation and function of Th17, namely a decrease in production of IL-17. 68 In clinical studies, agents that target IL-23 have been shown to inhibit IL-17, eg, ustekinumab, which is used to treat moderate and severe forms of psoriasis. 13 Successful conventional therapies, such as psoralen plus ultraviolet (UV) light A, narrow-band UVB (NB-UVB), and NB-UVB combined with calcipotriol, lead to a decrease in circulating levels of IL-17 and Th17-related cytokines, but acitretin had no such effect. 12, 59, 69 Treatment with cyclosporin normalized the IL-17 and IL-22 mRNA levels that were increased in psoriatic skin. 33 NB-UVB inhibited the IL-23/ Th17 axis, with a decrease observed in CD11c+ dendritic cells and their products, namely IL-20, inducible nitric oxide synthase, IL-12/23p40, and IL-23p19, as well as suppression of IL-17 and IL-22 mRNA. 70 Concerning treatment with biologics, infliximab decreased the high Th17 and Th1 cell levels observed before treatment. 57 Moreover, early improvement was significantly correlated with a reduction in IL-17 and its signaling pathway when anti-TNF agents were used as a treatment for psoriasis. 59, 71 According to a systematic review by Tausend et al, biologic agents specifically targeting IL-12, IL-17, and IL-23 are efficacious and safe for the treatment of moderate-to-severe psoriasis in adults, although long-term data are still needed. 72 Agents that target IL-17 are under clinical investigation, namely brodalumab (AMG-827), secukinumab (AIN457), and ixekizumab (LY2439821). Secukinumab and ixekizumab are human monoclonal antibodies against IL-17A, 73, 74 whereas brodalumab is a fully human monoclonal antibody that targets IL-17RA. 75 
Brodalumab
As referred, brodalumab (previously designated as AMG-827) targets IL-17RA, preventing its activation by IL-17A, IL-17A/F heterodimer, IL-17F, and IL-17E (IL-25). 75 In a placebo-controlled Phase I study (Table 1) , 25 patients with moderate-to-severe psoriasis were randomized to receive a single subcutaneous (SC) dose of brodalumab 140 mg (n=4), a single SC dose of 350 mg (n=8), a single intravenous (IV) dose of 700 mg (n=8), or placebo (n=5), and were followed for 85 days. Two weeks after receiving a single dose of 350 mg SC or 700 mg IV, the patients showed a dose-dependent improvement in PASI (Psoriasis Area and Severity Index) score and on the static Physician Global Assessment. The eight subjects who received brodalumab 700 mg IV achieved a 50% improvement in PASI (PASI 50) by day 29; at day 43, 88% achieved PASI 75 and 38% reached PASI 90. During the study, 75% and 62.5% of patients receiving 350 mg SC achieved PASI 50 and PASI 75, respectively. PASI 50 was achieved by two of the four patients who received brodalumab 140 mg SC. None of the placebo subjects achieved PASI 50.
76
The SC 350 mg and IV 700 mg cohorts also showed significant reductions in epidermal thickening, keratin 16 levels, and Ki67-expressing cells. Skin lesions in these cohorts showed an improvement in mRNA levels of several IL-17-modulated keratinocyte-derived factors (eg, cathelicidin, keratin 16, CCL18, and CCL20) and cytokines known to be directly regulated by IL-17R (IL-22, IL-23A, IL-12B). IL-17A, IL-17C, and IL-17F mRNA levels were reduced to nonlesional levels during 6 weeks of treatment. The safety profiles for the subjects who received brodalumab and placebo were similar. 76 In this study, a single IV dose of brodalumab up to 700 mg produced substantial improvements in clinical and histopathologic variables, with an acceptable safety profile.
In a randomized, double-blind, placebo-controlled, dose-ranging Phase II study (Table 1) 
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Coimbra et al on placebo was 16.0% (P,0.001 for all comparisons with placebo). At week 12, PASI 75 and PASI 90 was observed in 77% and 72% of patients receiving brodalumab 140 mg, respectively; 82% and 75% of those receiving 210 mg had PASI 75 and PASI 90, respectively; and the placebo group showed no improvement (P,0.001 for all comparisons). 75 Improved values for static Physician Global Assessment, Dermatology Quality of Life Index, and the Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36) were also reported for the 140 mg and 210 mg groups when compared with placebo. 75 Moreover, at week 12, subjects receiving brodalumab showed significant improvements in mean Psoriasis Symptom Inventory total score when compared with placebo (8. 77 These data confirm that brodalumab is associated with improvement of the disease from the patient point of view, with an increase in quality of life also reported.
Endres et al studied the pharmacokinetics of brodalumab and assessed the effects of covariates at the doses used in the Phase I and Phase II clinical studies. For doses between 140 mg and 210 mg, they reported that the area under the curve was more than two-fold higher in subjects weighing less than 75 kg as compared with reference subjects; age and diagnosis had a smaller influence on exposure, and were not clinically significant. Their data suggest that body weight is an important covariate, explaining some of the pharmacokinetic variability observed in human clinical trials with brodalumab. 78 Recent data show that blockade of IL-17 signaling by brodalumab in psoriatic skin leads to rapid transcriptional changes, initially in keratinocyte-expressed genes, followed by normalization of leukocyte abnormalities, and also established the essential role of IL-17R in keratinocytes by driving the pathogenesis of psoriasis. 79 IL-17A has an important role in host defense, so its inhibition raises concern about a potential risk of serious infection and other immunemediated diseases.
Studies in animal models showed that IL-17A contributes to host defense and to the expression of antimicrobial peptides; 46, 80, 81 however, absence of IL-17A has not been 
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Brodalumab in moderate-to-severe psoriasis associated with infection or autoimmune manifestations, 80 suggesting that inhibition of IL-17 has a low potential for adverse effects on the immune system. In the clinical trials with secukinumab, ixekizumab, and brodalumab, infection rates were only slightly higher than those seen with placebo or than the rates expected for a comparable patient population. Indeed, in the Phase II study reported by Papp et al, two cases of grade 3 neutropenia were found in the 210 mg brodalumab group; the adverse events reported more frequently in the brodalumab groups were nasopharyngitis (8%), upper respiratory tract infection (8%), and injection site erythema (6%). 75 The costs of treating psoriasis with biologics are high, but their contribution to resolution of lesions and improved quality of life, especially in patients who are currently undertreated, might reduce the need for inpatient care and improve the outcome for patients. Indeed, according to Schmitt and Ford, the indirect costs of productivity lost exceed the direct costs, which may justify the use of more expensive medications. 82 It is important to note that psoriasis is often associated with several comorbidities, in particular cardiovascular disease. Several risk factors for cardiovascular events have been reported in psoriasis, and some treatments for the disease appear to enhance the cardiovascular risk profile. IL-17 has been reported to be associated with atherosclerosis by favoring chronic vascular inflammation, 83, 84 so might contribute to the increased risk of cardiovascular disease found in patients with psoriasis. Brodalumab, and eventually the other anti-IL-17 agents, decrease vascular inflammation by blocking IL-17 signaling, and may have a positive effect on the risk of cardiovascular events by reducing the development of atherosclerotic lesions.
Nonetheless, the efficacy and safety profile of brodalumab needs to be evaluated in larger clinical trials of longer duration. Currently, Phase III clinical trials for brodalumab are ongoing.
Conclusion
Advances in our understanding of the pathology of psoriasis have allowed the development of new therapeutic strategies and the prospect of new agents, especially for severe cases and nonresponders with psoriasis. For instance, anti-TNF agents are important therapeutic options for psoriasis, but for patients in whom response is lost or does not exist, other treatment options are required. These options must have a good safety profile, with few effects in the immune system.
Considering that IL-17 signaling has a crucial role in the pathogenesis of psoriasis, its inhibition has emerged as a critical target. Phase III clinical trials for brodalumab, secukinumab and ixekizumab, agents that target IL-17 signaling, are ongoing. While secukinumab and ixekizumab target IL-17A, brodalumab targets IL-17RA, raising the question as to whether there are differences in antagonizing IL-17A or the IL-17 receptor.
So far, brodalumab has demonstrated a favorable safety and tolerability profile, robust clinical activity, significant improvements in PASI and other scores for psoriasis severity, and a great impact on patient quality of life. Data for its long-term efficacy and safety will be provided by the Phase III clinical trial that is ongoing. Considering the published data, brodalumab appears to be a potential tool for use in the treatment of moderate-to-severe psoriasis.
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